Phosphorodiamidate morpholino oligomers (PMOs) are DNA mimics that inhibit expression of specific mRNA in eukaryotic cells (1, 17, 22) . They are synthesized by using the four natural bases, with a base sequence that is complementary (antisense) to a region of a specific mRNA. They are different than DNA in the chemical structure that links the bases together ( Fig. 1) . Ribose has been replaced with a morpholine group, and the phosphodiester is replaced with a phosphorodiamidate. These alterations make the antisense molecule resistant to nucleases (11) and free of charges at physiological pH, yet it retains the molecular architecture required for binding specifically to a complementary strand of nucleic acid (21, 22, 24) . PMOs are currently in phase I and II human clinical trials as therapeutics for restenosis and cancers.
Recently, another type of antisense DNA mimic, called peptide nucleic acid (PNA), was shown to inhibit the expression of bacterial genes in vitro and in pure culture (8, 9) . However, entry of PNA into Escherichia coli was inefficient because of the outer membrane of this gram-negative bacterium (10) . Entry was greatly improved (7) by coupling PNA to cationic peptides that were previously shown to permeabilize the gramnegative outer membrane (18, 25) .
In this report, we show that PMOs inhibit gene expression in E. coli but are limited for cellular uptake by the outer membrane. In addition, uptake across the outer membrane was achieved by coupling PMOs to the peptide (KFF) 3 KC.
MATERIALS AND METHODS
Bacteria and growth conditions. E. coli SM105 [thr-1 araC14 tsx-78 ⌬(galKatt)99 hisG4 rfbD1 rpsL136 sylA5 mtl-1 thi-1] and its isogenic lpxA2(Ts) derivative SM101 were purchased from the E. coli Genetic Stock Center (New Haven, Conn.). E. coli BL21(DE3)pLysS was from Invitrogen, Inc. (Carlsbad, Calif.). Cultures were started from 1 to 4 colonies inoculated into 2 ml of broth and grown for 15 h with shaking. Fifteen-hour cultures were diluted 1/50 in broth and immediately mixed with PMO. Strains without recombinant plasmids were grown in Luria-Bertani (LB) broth (13) , and strains transformed with pT7myc-luc or pSE380myc-luc were grown in LB plus 100 g of ampicillin/ml. BL21(DE3) (pLysS/pT7myc-luc) was grown at 37°C in LB plus 50 g of chloramphenicol/ml and 100 g of ampicillin/ml. SM105 and SM101 were grown at 30°C.
PMOs. PMOs were synthesized and purified at AVI BioPharma, Inc. (Corvallis, Oreg.) as previously described (23) , dissolved in water, filtered through a 0.2-m-pore-size membrane (HT Tuffryn; Gelman Sciences, Inc., Ann Arbor, Mich.), and stored at either 4 or Ϫ20°C. The purity of PMOs was analyzed by mass spectrometry and reverse-phase high-pressure liquid chromatography (HPLC). Sequences of PMOs and peptide-PMO conjugates used in this study are shown in Tables 1 and 2 . The concentration of all PMOs and peptide-PMO conjugates was measured by UV spectrophotometric absorbance at 260 nm, with extinction coefficients calculated for nucleic acids as described in reference 3 and for peptides as described in reference 27. The contribution to absorbance at 260 nm of the 6 or 12 equivalents of phenylalanine per mol of peptide-PMO conjugate was less than 1 or 2%, respectively, of the total absorbance. The absorbance at 260 nm from the cross-linkers was negligible.
Peptides KFFKFFKFFKC-CONH 2 and rTat (CRRRQRRKKR-CONH 2 ) were synthesized and purified (Ͼ90%) by Global Peptide Services (Ft. Collins, Colo.) and were attached to the PMO through a heterobifunctional cross-linker purchased from Pierce Chemical Co. (Rockford, Ill.) as follows.
3-End conjugation. ␤-Alanine was coupled to the 3Ј end of PMO, which was still covalently attached to resin by its 5Ј end. The attachment of ␤-alanine provided a primary amine to which peptides were cross-linked. The PMO-␤-alanine was subsequently cleaved off the resin as described below. A bifunctional cross-linker containing maleimide and succinimide moieties was used to link the 3Ј primary amine of the PMO-␤-alanine with the sulfhydryl group of a peptide to form the PMO-peptide conjugate. The details of the modification at 3Ј end of PMO are described below.
N-␤-FMOC-␤-alanine pentafluorophenyl ester. N-␤-FMOC (9-fluorenylmethoxy carbonyl)-␤-alanine (Novabiochem, San Diego, Calif.) was converted to the pentafluorophenyl ester by using N,NЈ-dicyclohexylcarbodiimide chemistry.
3 ␤-Alanine PMO. N-␤-FMOC-␤-alanine pentafluorophenyl ester (0.1 M) was dissolved in 400 l of N-methyl-2-pyrolidone (NMP). N-Ethyl morpholine was added to a final concentration of 1%, and the solution was mixed in a disposable chromatography column with PMO (approximately 5 to 10 mol), which was still attached to the resin used for synthesizing the PMO. The mixture was incubated at 45°C for 20 min, and then another 400 l of 0.1 M N-␤-FMOC-␤-alanine pentafluorophenyl ester solution was added to the column and followed by incubation at 45°C for 60 min, after which the column was washed with NMP. PMO was cleaved off the resin with 1 ml of cleavage solution (0.1 M dithiothreitol in NMP containing 10% triethylamine). The resin was washed with 300 l of cleavage solution three times immediately followed by addition of 4 ml of concentrated ammonia hydroxide and incubation for 16 h at 45°C to remove base protection groups. PMO was precipitated out of the NMP-NH 4 OH solution with 8 volumes of acetone and precipitated by centrifugation (14,000 ϫ g, 5 min). The pellet was washed with 15 ml of CH 3 CN. The washed pellet was redissolved in 4 ml of H 2 O and lyophilized. The product was analyzed by matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) (mass spectrometry) and HPLC. Seventy percent of the product corresponded to the full-length sequence that had ␤-alanine at its 3Ј end and a triethylene glycol moiety at its 5Ј end.
Addition of a cross-linker. The noncleavable linker N-[␥-maleimidobutyryloxy] succinimide ester (GMBS) or the cleavable linker N-succinimidyl 3-[pyridyldithio]propionate (SPDP) (Pierce Chemical Co.) was predissolved in 50 l of dimethyl sulfoxide and mixed with the PMO (2 to 5 mM) dissolved in sodium phosphate buffer (100 mM, pH 7.2) at a 1:2 PMO/GMBS molar ratio. The mixture was stirred at room temperature in the dark for 30 min, and the product was purified by passing through a P2 (Bio-Rad, Hercules, Calif.) gel filtration column to remove the excess cross-linker and by-products. PMO-GMBS was lyophilized and analyzed by MALDI-TOF and HPLC. The conversion from PMO to PMO-GMBS was Ͼ90%.
Conjugation. PMO-GMBS (2 to 5 mM) was dissolved in phosphate buffer (50 mM phosphate [pH 6.5], 5 mM EDTA). The peptide was added to the PMO-GMBS solution at 2:1 peptide-to-PMO molar ratio. The reaction mixture was stirred at room temperature for 2 h. The conjugate was purified first through an Excellulose gel filtration column (Pierce Chemical Co.) to remove excess peptide and then through a CM-Sepharose (Sigma, St. Louis, Mo.) cation-exchange column to remove nonconjugated PMO and finally dialyzed against H 2 O to remove salt. The conjugate was lyophilized and analyzed by MALDI-TOF and HPLC. The final product contained about 60% material corresponding to a full-length PMO conjugated to a peptide, with the balance composed of shorter peptide-PMO conjugates and a small amount of nonconjugated PMOs of various lengths. The concentration calculation used for all experiments was based on the total absorbance at 260 nm.
5-End conjugation.
To conjugate a peptide onto the 5Ј end of PMO, the 3Ј end was first acetylated by mixing in a disposable chromatography column excess acetic anhydride (0.1 M) in NMP and (approximately 10 mol) PMO, which was still attached to the resin used for synthesis. The column was incubated at 45°C for 20 min and drained, and another similar portion of acetic anhydride was added to the column and incubated at 45°C for 60 min. The column was drained and washed with NMP. PMO was cleaved off the resin and worked up as described in "3Ј ␤-Alanine PMO" above. The acetylated PMO had a piperazine group at the 5Ј end, which has a secondary amine for reacting with the crosslinker. The reaction with cross-linker and the conjugation with a peptide were done as described in "3Ј-End conjugation" above.
3-End and 5-end conjugation. To conjugate KFC peptide onto both ends of PMO, ␤-alanine was first attached to the 3Ј end. After the PMO was cleaved off the resin and worked up as described in "3Ј ␤-Alanine PMO," the PMO-␤-alanine had a primary amine at the 3Ј end and a secondary amine (piperazine group) at the 5Ј end. Both amines were reacted with either GMBS or SPDP cross-linker at a reaction ratio of 1:5 (PMO to cross-linker). The product was purified as described in "Addition of a cross-linker," conjugated with KFC peptide at reaction ratio of 1:5 (PMO to peptide), and purified by the procedure described in "Conjugation" above.
Reporter gene construction. Standard molecular biology procedures (2) were used for all constructions. A fusion sequence consisting of (from 5Ј to 3Ј) 30 bp of human c-myc from Ϫ14 to ϩ16 (where the first base of the translation start codon is ϩ1), an 8-bp linker region of the sequence GTCGACTG, and bases ϩ2 to ϩ1653 of the gene (luc) for firefly luciferase was obtained by PCR of a preexisting plasmid (pCNmycluc⌬A) with the forward primer 5Ј-TAGGCTAG CAGCCTCCCG and the reverse primer 5Ј-TTACAATAGCTAAGAATTTC and subcloned into pT7CTTOPO (Invitrogen, Inc.), creating pT7CTmycluc⌬A. In vitro mutagenesis was subsequently performed on pT7CTmycluc⌬A with QuikChange (Stratagene, Inc., La Jolla, Calif.) and oligonucleotides 5Ј-ATTTT GTTTAACTTTAAGAAGGAATCCCGCGACGATGCCCCTCAACG and 5Ј-CGTTGAGGGGCATCGTCGCGGGATTCCTTCTTAAAGTTAAACA AAAT in order to remove 22 bases that were between the ribosome-binding sequence (RBS) present in pT7CTmycluc⌬A and the ATG of its myc leader, thus leaving 11 bases in that region, creating pT7myc-luc.
The myc-luc fusion cassette (ϳ1.8 kb) was transferred from pT7myc-luc to the expression vector pSE380 (Invitrogen, Inc.) by copying 1.8 kb (from the RBS of pT7myc-luc through the last codon of luc) in a PCR programmed with forward primer 5Ј-TCGCTCCATGGAGAAGGAATCCCGCGACGATGCCCCT and reverse primer 5Ј-ATAGTCCCGGGTTACAATAGCTAAGAATTTCGTCAT. The PCR product was restricted with NcoI and XmaI and subcloned into pSE380, which had been restricted with the same two enzymes. In vitro mutagenesis was then carried out with the oligonucleotides 5Ј-AATTTCACACTG CAAACAGACCTTGGAGAAGGA and 5Ј-TCCTTCTCCAAGGTCTGTTTG CAGTGTGAAATT and QuikChange to mutagenize what had become an extra RBS within pSE380 (from AGGA to TGCA) as well as to alter a second ATG codon that occurred in the NcoI site upstream of the ATG codon in the c-myc region (from CCATGG to CCTTGG). The final construct, pSE380myc-luc, contains one RBS and one initiator Met ATG codon (located within the myc leader sequence).
Measurements of growth. Immediately after diluting the 15-h cultures 1/50, PMO or peptide-PMO was added to a final concentration of 20 M, except where indicated. Duplicate 100-l aliquots were transferred to either 1.5-ml microcentrifuge tubes or ultra low attachment 96-well microtiter plates (Corning, Inc., Corning, N.Y.) and incubated with shaking (225 rpm) at either 30 or 37°C. After 8, 15, or 24 h, growth was measured by either the optical density at 600 nm (OD 600 ) or viable cell count, which was done by diluting the cultures and plating them in triplicate on LB plates with or without the appropriate antibiotics. The   FIG. 1 . PMO structure. B is adenine, thymine, guanine, or cytosine. plates were incubated for 15 to 24 h at 30 or 37°C, and the number of colonies was enumerated by visual inspection. Measurements of luciferase. Overnight cultures were diluted and grown for 8 h as described in the preceding paragraph. At various times of growth, the OD 600 was measured and aliquots (10 to 50 l) were removed, mixed with an equal volume of 2ϫ cell culture lysis reagent (Promega, Inc., Madison, Wis.), and incubated at 20°C for 30 min. Luciferase light production was measured as relative light units (RLU) by mixing a small aliquot (1 to 10 l) of the lysed culture with 25 to 50 l of luciferase reagent (Promega, Inc.) in a 1.5-ml microcentrifuge tube, incubating the mixture at 20°C for 30 s, and then recording the relative light production in a Cardinal Associates, Inc. (Mt. View, Calif.) model TD-20e luminometer. Each sample was measured 2 to 3 times per experiment, and the mean of the measurements was calculated. Each experiment was done at least two times, and this number is indicated in the figure legends. The percent inhibition of luciferase was calculated by dividing the RLU of lysed culture that was treated with PMO or peptide-PMO by the RLU of the lysed culture that was treated with water, subtracting this value from 1, and multiplying it by 100%. The calculated percent inhibition was normalized by division by the OD of the culture, although differences in ODs were usually less than 5%.
␤-Galactosidase. Overnight cultures of SM101 or SM105 were diluted 1/50 and grown aerobically at 30°C for 24 h in LB broth with or without 20 M peptide-PMO. ␤-Galactosidase was measured in duplicate or triplicate for each sample by the method of Miller (13) , except that chloroform was substituted for toluene, and volumes were reduced proportionally for use with a 96-well microtiter plate (Ultra low cluster, Costar 3474; Corning, Inc.). After cells were permeabilized with chloroform, 100 l of aqueous-phase mixture was transferred to the microtiter plate. Substrate (20 l) and carbonate (100 l) were added. The OD 600 was measured on a Hitachi (Tokyo, Japan) U-2000 spectrophotometer with a path length of 1 cm. Measurements at 420 and 550 nm were made by using a Molecular Devices (Sunnyvale, Calif.) Versamax microtiter plate reader. Each experiment was repeated at least twice, and this number (n) is indicated in the figure legends.
Statistical analysis. Means were statistically analyzed by using the unpaired, one-sided t test comparing the myc-treated cultures with the corresponding myc control-treated culture.
RESULTS
PMO targeted to reporter gene or 16S rRNA. A reporter gene was constructed by fusing the 5Ј end of human c-myc with luc, which codes for luciferase. E. coli SM105 was transformed with the reporter in an expression plasmid (pSE380myc-luc) and grown in the presence of various concentrations of myc PMO or a 6-base mismatched control (myc-contr). The sequence of myc PMO is complementary to bases Ϫ6 through ϩ14 of the reporter construct. Samples were removed during 8 h of growth and analyzed for luciferase and OD ( Fig. 2A) . There was no significant difference in either growth rate (data not shown) or luciferase expression among the cultures.
A similar kinetic, dose-response analysis was done with a Permeable strain SM101. E. coli SM101 was transformed with the myc-luc reporter construct and grown in the presence of various concentrations of myc or control PMOs. SM101 is an isogenic mutant of SM105, with a defect in lipid A biosynthesis that causes the outer membrane to be permeable to high-molecular-weight substances (6, 26) . Samples were removed during 8 h of growth and analyzed for luciferase and OD. Myc inhibited luciferase at 20 and 100 M (Fig. 2B) . Inhibition was first evident at 4 h. At the same concentration, myc-contr did not inhibit at any time. A statistical analysis indicates a significant difference (P Ͻ 0.05, n ϭ 2) in luciferase values between samples from cultures that contained 20 or 100 M myc and their corresponding control PMOs at 4 h and a highly significant (P Ͻ 0.01) difference at 6 and 8 h.
Myc inhibited in a dose-dependent manner. After 8 h of incubation in the presence of 100, 20, and 4 M myc PMO, luciferase was inhibited by 36, 20, and 5%, respectively. Luciferase expression in cultures with control PMO was not inhibited at any concentration.
The results suggest that the intact outer membrane of E. coli SM105 restricts entry of PMO, but transport of PMO across the plasma membrane is possible.
Target essential gene. SM101 was grown in the presence of 3 concentrations of a PMO (acp) targeted to the essential gene acpP, which encodes acyl carrier protein. Control cultures of SM101 were grown in the presence of the same concentrations of a PMO with a scrambled base sequence (acp-scr). The cultures were analyzed for viable cells at 0, 4, 8, and 24 h. The acp PMO inhibited growth in a time-and concentration-dependent manner (Fig. 3) . Maximum inhibition occurred as the cultures finished the exponential phase and entered the stationary phase (8 h). Inhibition of growth by the acp PMO was highly significant (P Ͻ 0.01) at 4, 8, and 24 h for the 40 M concentration and significant (P Ͻ 0.05) at 24 h for the 20 M concentration.
Peptide-PMO conjugates. To facilitate the movement of PMO through the outer membrane, the peptide KFFKFFKFFKC (which we abbreviate as KFC) was covalently coupled to myc PMO. A similar peptide is known to permeabilize the outer membrane of E. coli to high-molecular-weight substances (25) and was used to facilitate entry of peptide nucleic acids into E. coli (7) . KFC was coupled to both ends of the PMO with a cross-linker that is cleavable (p150) or not cleavable (p152) with reducing agents or to only the 3Ј end of myc PMO (p173) with a cleavable cross-linker. A control conjugate (p187) was synthesized by coupling KFC to only the 3Ј end of a myc-contr by using the noncleavable cross-linker.
Equal concentrations (20 M) of peptide-PMO conjugates p150, p152, p173, or p187, the free KFC peptide, or an equivalent volume of water were mixed separately with growing cultures of E. coli BL21(DE3)(pLysS/pT7myc-luc). This strain has a normal, intact outer membrane. After 4 h, viable cells and luciferase were measured. Small differences (within 5%) in OD were used to normalize the luciferase readings. p150, p152, p173, and p187 inhibited luciferase by 63, 46, 10, and 4%, respectively (Fig. 4) , relative to the water-treated control. Statistical analysis indicates a highly significant difference (P Ͻ 0.01) between the effects of p150 and either p173 or p187, and a significant difference (P Ͻ 0.05) between p152 and either 4 . Effects of KFC-myc on intact (nonleaky) E. coli. Three variations of KFC-myc (p150, p152, and p173) and a scrambled sequence KFC-control (p187) PMO were mixed separately (20 M) with exponentially growing cultures of E. coli BL21(DE3)(pLysS/pT7myc-luc), which expresses the myc-luc reporter construct. After 4 h, the OD of each culture was read, samples of each culture were lysed, and luciferase activity was measured. Inhibition of luciferase activity was calculated relative to an untreated culture. Error bars indicate standard deviations for the results of five experiments for p150 and p152 and two experiments for p173 and p187.
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on February 21, 2013 by PENN STATE UNIV http://aac.asm.org/ p173 or p187. There was no statistically significant difference (P Ͼ 0.05) between the effects of p150 and p152. Control cultures that contained 20 M free peptide failed to grow significantly in 8 h. This shows that the free peptide was toxic and that conjugation of the peptide to the PMO apparently eliminated the toxicity associated with the free peptide.
KFC-lacI PMO. The effects of KFC-myc suggested that attachment of KFC to the 5Ј end or to both ends of the PMO produced a more effective gene-specific inhibitor than the 3Ј equivalent. To test this further, KFC was coupled with the same, noncleavable cross-linker to the 5Ј, 3Ј, or both ends of another PMO that is targeted to lacI and to a scrambled-base control. LacI was targeted because inhibition would produce a positive signal against a low background of ␤-galactosidase in the absence of inducer, and the target is not expressed from a multicopy plasmid. Each KFC-PMO was added (20 M total PMO) to a growing culture of SM105. After 24 h of aerobic growth, the OD of the culture and ␤-galactosidase activity were measured. Each KFC-lacI PMO induced a significantly higher ␤-galactosidase activity than the corresponding control or mock treatment (Fig. 5) . Attachment of KFC to the 3Ј or both ends of lacI PMO produced a more effective inducer of ␤-galactosidase activity than attachment to the 5Ј end. Qualitatively similar results were found when the cultures were analyzed at 4 and 8 h of growth (data not shown).
Is covalent attachment of KFC necessary, or can ␤-galactosidase be induced with a mixture of PMO and KFC? Although 20 M KFC was toxic and slowed growth, cultures treated with 20 M KFC or a mixture of 20 M (each) KFC and lacI PMO grew to the same final culture density as an untreated culture after 24 h of growth. ␤-Galactosidase was not induced in the culture treated with the mixture of free KFC and lacI PMO (Fig. 5) .
A dose-response analysis was measured with the 3Ј KFC-lacI and strain SM105. The results show that induction of ␤-galactosidase was proportional to the concentration of peptide-PMO (Fig. 6) .
Effect of peptide sequence. The specificity of KFC to enable covalently attached PMOs to translocate across the outer membrane was tested. Another cationic peptide, but without the hydrophobic residues, rTat (CRRRQRRKKR), was attached to lacI PMO or a scrambled PMO control. The rTatPMOs were added separately to growing cultures of E. coli SM105. As a positive control, 3Ј-KFC-lacI was added separately to an identical culture. Neither rTat-PMO induced ␤-galactosidase, although the positive control induced significant amounts of activity (Fig. 7) . Increasing the concentration of rTat-lacI from 20 to 100 M did not increase induction of ␤-galactosidase activity (data not shown).
DISCUSSION
We have found that PMOs enter E. coli with a permeable outer membrane (Fig. 2B) . The outer membrane of gramnegative bacteria acts as a sieve and excludes polar solutes above about 1,000 Da (15, 16) . The size of all PMOs used in this study was about 7,000 Da. The lack of target inhibition in strains with an intact outer membrane ( Fig. 2A) suggests that an insufficient amount of PMO gets into the cytoplasm, at least for targets expressed from multicopy plasmids. In other experiments (data not shown), the lacI PMO failed to induce ␤-galactosidase in intact strains. Because lacI PMO targets the single-copy lacI and small increases in ␤-galactosidase are easy to detect against a low background signal in uninduced cultures, the results suggest that PMO does not enter the cytoplasm of intact E. coli. We infer that a normal outer membrane prevents high-molecular-weight PMOs from entering the cell.
The results show that the outer membrane barrier was overcome by attaching the peptide KFFKFFKFFKC to PMOs (Fig.  4 to 6) . A mixture of KFC and PMO could not substitute for the conjugate of the same two molecules (Fig. 5) . This result is similar to that shown for peptide nucleic acids (7). It is inferred from the results that covalently attached KFC peptide enables the KFC-PMO conjugate to traverse the outer membrane. Indeed, the KFC peptide conjugated to peptide nucleic acids has been shown to increase antisense efficacy by increasing the kinetics of outer membrane permeability (4) . Regardless of the mechanism, the conjugated KFC-PMO was necessary for inhibition of the target in the cytoplasm of E. coli with an intact outer membrane.
Our results show a response that is directly proportional to the dose of KFC-PMO (Fig. 6) . Together with the lack of any response to control conjugates with the same base composition but a different base sequence (Fig. 4 to 6 ), this shows that the response is a result of the conjugate and that the PMO portion of the conjugate confers specificity to its target.
The sequence of the KFC peptide is important for its role in facilitating delivery of the PMO conjugate into E. coli. Peptides that disrupt the gram-negative outer membrane often share an amphipathic motif of positively charged residues spaced between hydrophobic regions (12, 20, 25, 28) . Other cationic peptides that lack amphipathic character, such as the human immunodeficiency virus Tat peptide, facilitate delivery of biologically active molecules into eukaryotic cells (5, 19) , but their effects on bacteria are uncharacterized. We showed (Fig. 7) that a positively charged peptide that lacks amphipathic character (CRRRQRRKKR) is insufficient for enabling PMO conjugates to enter E. coli. In comparison to our results with KFC-PMO conjugates (Fig. 4 to 7) , this demonstrates that the amino acid sequence of KFC is important for its ability to enable uptake of peptide-PMOs and suggests that the amphipathic character of KFC is important for enabling entry of peptide-PMO conjugates into E. coli. It was shown recently that a KFC-PMO conjugate is nearly unable to access the cytosol of eukaryotic cells (14) . These characteristics of KFC make it attractive for the development of conjugated peptide-PMO antibiotics, which ideally would be deliverable into bacteria but not host cells. We speculate that the KFC peptide to which the PMO is attached can be optimized further for improved performance.
In addition to the peptide sequence of the conjugates, we have found that the end of the PMO to which the peptide is attached significantly affects its performance (Fig. 4 and 5) . We do not yet understand the conceptual basis for this, but we speculate that this difference may be the result of different rates of transport across the membrane(s), or differences in the interactions with the target mRNA. Because the results (Fig. 4  and 5 ) differed between KFC-myc and KFC-lacI, it suggests that the base sequence of the PMO may contribute significantly to this effect. However, other factors may account for this result, such as differences in secondary structure of mRNA targets.
Another factor that may have affected the performance of the peptide-PMO was the cross-linker. Peptide-PMO mixtures with a cleavable cross-linker (p150) produced more inhibition than those with a noncleavable cross-linker (p152). One speculative explanation is that upon entry into the cytoplasm, KFC would be cleaved from p150 by the reductive environment. Removal of KFC upon entry into the cytoplasm might affect membrane transport or binding to the target mRNA.
In conclusion, PMOs are attractive for development as an antibiotic because of their genetic specificity and the ease with which they can be customized to any genetic target. This study showed that the strategy of conjugating PMO to a peptide with membrane-permeabilizing properties enabled entry into E. coli. Currently the characteristics of the peptide and its linkage to the PMO are being optimized. Peptide-PMOs may be useful as therapeutic agents and as reagents for functional genomics.
